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Abstract
Lipid rafts have an important property to preferentially concentrate some proteins, while excluding others. Lipid rafts can also act as
functional platforms for multiple signalling and trafficking processes. Several reports have shown that lipid rafts play a crucial role in the
assembly of several enveloped viruses and possibly their cell entry. In this study we investigated the importance of lipid raft formation in
Coxsackievirus A9 (CAV-9) entry and cell infection. Here by using a variety of biochemical and biophysical methods, we report that
receptor molecules integrin v3 and GRP78, which are implicated in CAV-9 infection as well as accessory molecules such as MHC class
I, are accumulated in increased concentrations in lipid rafts following CAV-9 infection. In addition our studies revealed that raft integrity
is essential for this virus since CAV-9 activates the Raf/MAPK signalling pathway within the raft and raft-disrupting drugs such as nystatin
and MCD can successfully inhibit CAV-9 infection.
© 2003 Elsevier Inc. All rights reserved.
Introduction
The plasma membrane was once envisioned as a homo-
geneous fluid lipid bilayer which incorporated proteins, but
recent studies have shown that it is discontinuous, contain-
ing numerous microdomains that are essential for cellular
function (Jacobson et al., 1995; Jacobson and Dietrich,
1999; Kenworthy and Edidin, 1998a). These lipid microdo-
mains are also known as lipid rafts and are characterised by
detergent insolubility, light density, and enrichment for cho-
lesterol, glycoshingolipids, and GPI-linked proteins (Hore-
jsi et al., 1998).
One of the most widely appreciated roles of lipid rafts (or
microdomains) is the recruitment and concentration of mol-
ecules involved in cellular signalling (Pralle et al., 2000).
Although lipid rafts comprise a small percentage of the cell
membrane, their high concentration of molecules involved
in cellular signalling makes them a natural target for mi-
crobes and viruses (Van der Goot and Harder, 2001) A
number of enteroviruses including echovirus 1 (Marjomaki
et al., 2002) as well as echovirus 11 (Stuart et al., 2002)
have been shown to utilise lipid rafts for cell entry. Other
viruses including influenza virus, HIV, and Ebola virus use
lipid rafts as assembly platforms (Zhang et al., 2000; Ono
and Freed, 2001; Nguyen and Hildreth, 2000; Bavari et al.,
2002), while the involvement of rafts in their cell entry has
been postulated (Dimitrov, 2000).
In this study we investigated the involvement of lipid
rafts in Coxsackievirus A9 (CAV-9) infectious cycle.
CAV-9 is a nonenveloped RNA virus associated with a
wide variety of clinical symptoms such as flaccid paralysis,
respiratory disease, as well as chronic diseases such as
chronic myocarditis and insulin-dependent diabetes melli-
tus. This virus is also one of the most frequent causes of
aseptic meningitis (Grist and Reid, 1988).
Our previous studies have shown that in addition to
integrin v3 which was identified as the virus receptor
(Roivainen et al., 1994; Triantafilou et al., 1999), glucose-
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regulated protein 78 (GRP87) is a coreceptor for CAV-9,
whereas MHC class I is involved in the virus internalisation
process (Triantafilou et al., 2002a).
In this study using a variety of biochemical and biophys-
ical approaches we demonstrate that lipid rafts play a sig-
nificant role in CAV-9 infection. Lipid rafts are targeted by
this virus, where a concentration of its receptor molecules
GRP78, integrin v3, as well as MHC class I occurs. In
addition to that an activation of the Raf/MAPK kinase
pathway is triggered within the raft, leading us to believe
that CAV-9 infection activates signalling within the raft.
Results
Existence of molecules involved in CAV-9 infectious cycle
in lipid rafts prior to CAV-9 infection
To determine whether receptor molecules involved in
CAV-9 infection are present in lipid rafts, we isolated from
cell lines susceptible to virus infection such as GMK, RD
and human monocytes, lipid rafts on the basis of their
insolubility in Triton X-100, and low-buoyant density in
sucrose gradients. For isolation of membrane fractions, the
cells were treated with 1% Triton X-100 and then subjected
to sucrose density centrifugation (see Materials and meth-
ods). GM-1 ganglioside, a raft-associated lipid, was de-
tected using HRP-conjugated cholera toxin. We found that
GM-1 ganglioside migrated near the top of the sucrose
gradient (fraction 1–4) (Fig. 1A), showing that this proce-
dure was effective in separating membrane rafts from the
rest of the cellular membrane.
To test whether integrin v3 was present in microdo-
mains prior to CAV-9 infection, we immunoblotted using
an integrin v3-specific mAb (MCA757G), followed by
HRP-conjugated rabbit anti-mouse Ig. We found that inte-
grin v3 was present within lipid rafts (Fig. 1B). The
presence of GRP78 as well as MHC class I was investigated
by immunoblotting nitrocellulose membranes with GRP78
and MHC class I antibodies. Our results showed that GRP78
and MHC class I were also partially associated with lipid
rafts (Figs. 1C and D). Control experiments using transfer-
ring receptor, which is a well known nonraft marker, was
also used (Fig. 1E). The use of just HRP-conjugated anti-
bodies revealed no protein bands (Figs. 1F and G), thus
demonstrating the specificity of the antibodies.
Existence of molecules involved in CAV-9 infectious cycle
in lipid rafts after CAV-9 infection
To investigate whether the distribution of these receptor
molecules changes after CAV-9 infection, we added CAV-9
virions and then lysed the cells at different times postinfec-
tion followed by sucrose density centrifugation. We tested
again for the distribution of GM1-ganglioside, a lipid raft
marker that is detected using HRP-conjugated cholera toxin,
as well as the distribution of transferrin receptor, which is a
known nonraft marker. There was no increase in GM1-
ganglioside or in transferrin receptor, after virus stimula-
tion. The GM1-ganglioside migrated near the top of the
sucrose gradient (fractions 1–4) (Fig. 2A), whereas trans-
ferrin receptor migrated at the bottom of the gradient frac-
tions (9–12) (Fig. 2E). The presence of MHC class I,
integrin v3, and GRP78 was also investigated as men-
tioned above. The results showed an increase in the pres-
ence of these molecules in lipid rafts upon virus infection
(Figs. 2B, C, and D), which was also seen by an increase in
the relative integrated pixel intensity (Fig. 2F).
FRET imaging
The concentration of CAV-9 receptor molecules in lipid
rafts was also examined using fluorescence resonance en-
ergy transfer (FRET). FRET is a biophysical method used to
determine proximity of molecules on the cell surface of
living cells under conditions very close to the physiological
state of the cells. We measured FRET in terms of dequench-
ing of donor fluorescence after complete photobleaching of
the acceptor fluorophore. Increased donor fluorescence after
complete destruction of the acceptor indicated that the do-
nor fluorescence was quenched in the presence of the ac-
ceptor because of energy transfer. We tested the energy
transfer efficiency in our system using as a positive control
the energy transfer from Mabs Cy3-W6/32 and Cy5-
MCA1115 to two different epitopes on MHC class I mole-
Fig. 1. GMK cells were treated with 1% Triton X-100 for 1 h on ice and
then subjected to sucrose density centrifugation. Fractions were collected
from the top of the gradient; 1% n-octylglucoside was added to each
fraction, and equal amounts of total protein from each fraction were loaded
onto the gels and analysed by SDS–PAGE and imunoblotting. The lipid
raft marker was detected using HRP-conjugated Cholera toxin (A). The
nitrocellulose membranes were also probed for MHC class I, with
MCA1115 (2-m-specific mAb) (B), for integrin v3 with MCA757G
(C), for GRP78 with GRP78-specific serum (D), and for transferrin recep-
tor (E). Control experiments using only HRP-conjugated rabbit anti-mouse
Ig (F) as well as HRP-conjugated rabbit anti-goat Ig (G) were also used.
The relative positions of the raft and nonraft (soluble) fractions are indi-
cated. Data are representative of three independent experiments.
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cules (Table 1), which showed that the maximum energy
transfer efficiency (E) was 38  1.5% (under idealised
FRET conditions a maximum E of 40.96% is achieved). A
negative control involving irrelevant surface receptors such
as the transferrin receptor and GRP78 was performed by
testing the energy transfer between Cy3-M073401 specific
for the transferrin receptor and Cy5-GRP78-specific Fab;
the resulting E was 1  1.5%. To visualise whether CAV-9
particles were localised in rafts, we measured FRET on
GMK cells between CAV-9 particles (using Cy3-rabbit spe-
cific CAV-9 Fab) and GM1 ganglioside, a raft-associated
lipid (using Cy5-cholera toxin). Dequenching was observed
once Cy5 was photobleached (E  15  1.2%), suggesting
that the virus concentrates in the lipid rafts of the plasma
membrane (Table 1). Control experiments were performed
with the Cy5-cholera toxin using Cy3 rabbit-specific
CAV-9 Fab without the presence of CAV-9 particles. The
results showed that the energy transfer efficiency was 2.5 
0.7%, thus verifying that there was no nonspecific interac-
tion. Similar results were obtained when RD cells were
used.
We also examined whether GRP78, integrin v3, and
MHC class I molecules were located in lipid rafts. In agree-
ment with the biochemical data our results showed that
before the virus infection GM-1 ganglioside associates with
GRP78 (Figs. 3A and B) and also with integrin v3 and
MHC class I, thus confirming that there was a percentage of
these molecules located in lipid rafts, whereas GM1 gan-
glioside as expected did not associate with the transferrin
receptor (see Table 1).
After CAV-9 infection there was no association between
trasferrin receptor and GM1 ganglioside or GRP78 while
increased FRET levels were observed between GM1 and
GRP78 (Figs. 3C and D), as well as between GM-1 and
integrin v3 and GM-1 and MHC class I (Table 1), lead-
ing us to believe that there is an increase in recruitment of
these molecules upon virus stimulation.
Signalling in lipid rafts
The importance of lipid rafts in signal transduction is
highlighted by their enrichment for many signalling mole-
cules, such as Src family kinase, receptor tyrosine kinases,
mitogen-activated protein (MAP) kinases, adenylyl cyclase,
and lipid signalling intermediates (Rosenberger et al.,
2000). With this in mind we addressed the possibility that
lipid rafts concentrate signalling molecules involved in
CAV-9 infection. Integrin v3 is a receptor molecule for
CAV-9 and it has been shown that viruses that utilise
integrins can activate the Raf/MAPK signalling pathway
(Bruder and Kovesdi, 1997). Ras recruits Raf-1 to the
plasma membrane where it is eventually activated by other
kinases (Stokoe et al., 1994). Activated Raf-1 phosphory-
lates and activates mitogen-activated protein kinase MAPK
(Howe et al., 1992; Dent et al., 1992; Giancotti and Ruo-
slahti, 1999). We therefore immunoblotted nitrocellulose
membranes with antibodies specific for total Raf,
p42MAPK, and JNK/SAPK (Fig. 4), as well as with an
antibody for activated Raf and phosphospecific antibodies
for p42MAPK, and JNK/SAPK, which is activated upon
Table 1
Energy transfer efficiency values between donor-acceptor pairs
Donor (Cy3) Acceptor (Cy5) E  E (%)
Before virus infection
MHC class I 2-m 38  1.5
Transferin receptor GRP78 1.0 1.5
CAV-9 GMI ganglioside 15 1.2
GRP78 GMI ganglioside 20 0.7
Integrin v3 GMI ganglioside 19 0.8
MHC class I GMI ganglioside 17 1.5
Transferrin receptor GMI ganglioside 2.0 0.5
After CAV-9 infection
MHC class I 2-m 39  1.4
Transferin receptor GRP78 1.3 0.7
GRP78 GMI ganglioside 31 1.0
Integrin v3 GMI ganglioside 29 0.5
MHC class I GMI ganglioside 27 1.5
Transferrin receptor GMI ganglioside 1.4 0.8
Note. Energy transfer between different pairs was detected from the
increase in donor fluorescence after acceptor photobleaching. Data repre-
sent mean  standard deviation of a number of independent experiments.
Fig. 2. GMK cells were infected with CAV-9 particles for 30 min prior to
solubilisation with 1% Triton X-100 for 1 h on ice and then subjected to
sucrose density centrifugation. Fractions were collected from the top of the
gradient; 1% n-octylglucoside was added to each fraction. Equal amounts
of total protein from each fraction were loaded onto the gels and analysed
by SDS–PAGE and imunoblotting. The lipid raft marker was detected
using HRP-conjugated Cholera toxin (A). The nitrocellulose membranes
were also probed for MHC class I, with MCA1115 (2-m-specific mAb)
(B), for integrin v3 with MCA757G (C), and for GRP78 with GRP78-
specific serum (D). The relative positions of the raft and nonraft (soluble)
fractions are indicated. The relative integrated pixel intensity of each lane
was quantitated by densitometry. The dark bars represent mean antigen
quantitation before virus addition, and the white bars represent mean
antigen quantitation after virus addition, obtained from three independent
experiments. The error bars represent standard deviation obtained (F).
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stress. These antibodies only recognise the activated form of
the molecule. We found that upon virus infection there was
an increase in the total amount of kinases in raft and nonraft
fractions. In addition, upon virus infection we could detect
activated Raf-1, MAPK (Fig. 5), in the lipid raft fractions,
whereas when we used the phosphospecific JNK/SAPK
antibody we found a minimal detection of JNK/SAPK in
lipid rafts (Fig. 5). This data led us to believe that CAV-9
infection up-regulates the Raf/MAPK production in the cell;
furthermore, the Raf/MAPK signalling pathway is activated
and signalling occurs through the raft.
Lipid raft integrity
To investigate the functional significance of lipid raft
integrity, we evaluated the ability of CAV-9 to infect cells
Fig. 3. GRP78 and GM-1 ganglioside FRET measurements. Energy transfer between GRP78 (Cy3-GRP78 specific serum) and GM-1 ganglioside
(Cy5-cholera toxin) before (A, B) and after CAV-9 infection (C, D). Energy transfer can be detected by the increase in donor fluorescence after acceptor
photobleaching. Donor (Cy3) after acceptor photobleaching (A, C) and E image (B, D). Bar 10 m.
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that had been treated with lipid raft disrupters, such as
nystatin or MCD (Cheng et al., 1999; Keller and Simons,
1998; Xavier et al., 1998). Cells were treated with either
MCD or nystatin before and after stimulation followed by
raft isolation as described under Materials and methods. It
was found that MCD and nystatin inhibited raft formation
when nitrocellulose membranes were probed with cholera-
HRP (Fig. 6). Using confocal microscopy, we counted the
virus-infected immunofluorescence-positive cells (see Ma-
terials and methods). Our results showed that cells pre-
treated with MCD showed a 70% reduction of CAV-9
infection, while nystatin inhibited infection by 85% (Fig.
6C). Furthermore we tested whether MCD or nystatin used
in our experiments was cytotoxic to the cells. Our results
showed that the viability of the cells was not affected by
either MCD or nystatin treatment as the drug-treated cells
excluded trypan blue.
Discussion
Recent studies have shown that the plasma membrane of
eukaryotic cells is more complex than previously thought
(Horejsi et al., 1998, 1999). The plasma membrane contains
lipid microdomains, which are also known as lipid rafts that are
essential for cellular function. Lipid rafts are involved in bio-
logical processes as diverse as signal transduction, membrane
transport, T cell activation, and host pathogen interactions
(Vereb et al., 2000; Xavier et al., 1998; Viola et al., 1999;
Yashiro-Ohtani et al., 2000; Van der Goot and Harder, 2001).
Pathogens have evolved myriad strategies to evade im-
munological defenses and secure a niche within the host.
Over the last few years it has been demonstrated that many
viruses as well as bacteria and bacterial toxins such as the
bacterial toxin LPS preferentially utilise lipid rafts when
interacting with their target cell (Triantafilou et al., 2002b;
Fivaz et al., 2003). Rafts provide means to concentrate
Fig. 4. CAV-9 signalling in lipid rafts. GMK cells were either infected (A,
C, E) or not infected with CAV-9 particles (B, D, F) prior to treatment with
1% Triton X-100 for 1 h on ice and then subjected to sucrose density
centrifugation. Fractions were collected from the top of the gradient; 1%
n-octylglucoside was added to each fraction. Equal amounts of total protein
from each fraction were loaded onto the gels and were analysed by
SDS–PAGE and immunoblotting. The nitrocellulose membranes were
probed with antibodies against total SAPK/JNK (A,B) or total Raf-1 (C,
D), or total MAPK (E, F), followed by incubation of HRP-conjugated
antibodies. The relative positions of the raft and nonraft (soluble) fractions
are indicated. Data are representative of three independent experiments.
Fig. 5. CAV-9 signalling in lipid rafts. GMK cells were either infected (A,
C, E) or not infected with CAV-9 particles (B, D, F) prior to treatment with
1% Triton X-100 for 1 h on ice and then subjected to sucrose density
centrifugation. Fractions were collected from the top of the gradient; 1%
n-octylglucoside was added to each fraction. Equal amounts of total protein
from each fraction were loaded onto the gels and analysed by SDS–PAGE
and imunoblotting. The nitrocellulose membranes were probed with phos-
phospecific antibodies against activated SAPK/JNK (A,B) or activated
Raf-1 (C, D), or activated MAPK (E, F), followed by incubation of
HRP-conjugated antibodies. The relative positions of the raft and nonraft
(soluble) fractions are indicated. Data are representative of three indepen-
dent experiments.
Fig. 6. Nystatin disrupts lipid raft formation. Cells were either not treated
(A) or treated with nystatin (B), before solubilisation in 1% Triton X-100
buffer, followed by raft and nonraft separation by sucrose density gradient
centrifugation. The GM-1 ganglioside distribution was visualised using
HRP-conjugated cholera toxin. The efficiency of viral infection was ana-
lysed by counting the number of immunofluorescence-positive cells by
confocal microscopy in the presence of MCD and nystatin after 6 h p.i. The
percentage inhibition of virus infection in the presence of MCD and
nystatin is displayed (C).
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receptors and thus pathogens exploit the signalling capacity
of raft domains by binding and probably clustering raft
associated receptors, thus using rafts as a pathway to enter
host cells. Many human pathogenic viruses such as HIV-1
(Ono and Freed, 2001), Ebola, and Marburg (Bavari et al.,
2002) have been shown to use rafts for assembly but also as
gateways for cell entry, thus revealing the importance of
lipid microdomains in their infectious cycle.
Recent studies have also shown that enteroviruses such as
the DAF-using strain of echovirus 11 (Stuart et al., 2002) as
well as echovirus 1 (Joki-Korpela et al., 2001) utilise lipid rafts
for cell entry. In this study we have attempted to elucidate the
role of lipid rafts in CAV-9, which is another enterovirus.
CAV-9 is a common human pathogen which is implicated in a
variety of clinical symptoms, such as aseptic meningitis, myo-
carditis, and IDDM (Grist and Reid, 1988). Our data showed
that CAV-9 receptors integrin v3 and GRP78 as well as
MHC-class-I molecules which are involved in the virus entry
(Triantafilou et al., 2002a), although constitutively present in a
small percentage in lipid rafts, are accumulated in increased
concentrations in lipid rafts upon virus infection. FRET studies
which are very close to the physiological state of the cells
confirmed these results.
Furthermore we have seen an increase of total Raf and total
MAPK in raft and nonraft fractions upon virus infection, lead-
ing us to believe that virus infection up-regulates the produc-
tion of Raf and MAPK in the cell. When we used antibodies to
detect the activated form of p42MAPK, JNK/SAPK, Raf, we
discovered that the Raf/MAPK signalling pathway is activated
in lipid rafts upon virus infection, showing us the importance
of lipid rafts in CAV-9 signal transduction with the host cell.
When raft disrupting drugs were used, our results showed that
there was a significant inhibition in virus infection, showing
that rafts are a site for virus entry and thus have a profound
impact on virus pathogenicity.
In conclusion our combined biochemical and FRET studies
suggest that upon CAV-9 infection there is a major recruitment
of its receptors GRP78, integrin v3, and accessory mole-
cules such as MHC class I in lipid rafts. These molecules and
their signalling machinery concentrate in small receptor lipid
raft islands and thus facilitate viral entry. Disruption of raft
integrity interferes with the successful virus infection. Thus
this receptor cluster formation in microdomains contributes to
the efficiency of CAV-9 infection. Our findings shed new light
on CAV-9–receptor interactions and reveal the importance of
lipid rafts in CAV-9 infectious cycle, leading us to believe that
lipid rafts may be future potential therapeutic targets against
CAV-9 infections.
Materials and methods
Cell lines
GMK and RD cells were maintained in DMEM with
Glutamax (Gibco) containing 2% (v/v) nonessential amino
acids and 10% heat-inactivated foetal bovine serum. All
cells were maintained at 37°C in a 5% CO2 atmosphere.
Viruses
Prototype strains of Coxsackievirus A9 (CAV-9 Griggs
strain) was obtained from the American Type Culture Col-
lection (ATCC). In all microscopy experiments CAV-9 was
used at an m.o.i. of 10.
Materials
Integrin v3-specific antibody MCA757G and 2-m-
specific antibody MCA1115 were obtained from Serotec.
MAb W6/32 was obtained from the American Type Culture
Collection. GRP78-specific serum was obtained from Santa
Cruz. CAV-9-specific polyclonal serum was obtained from
the Public Health Laboratories. Antibodies and cholera
toxin were conjugated to either Cy3 or Cy5 using Cy3 and
Cy5 labelling kits from Amersham Pharmacia. Cholera
toxin was purchased from List Labs. p42MAPK, Raf, and
SAPK/JNK-specific antibodies were obtained from New
England Biolabs. The following chemicals were obtained
from Sigma and used to study the viral entry procedures:
nystatin (25 M) and MCD (10 mM) for the disruption of
rafts.
Cell labelling for FRET
GMK or RD cells on microchamber culture slides (Lab-
tek, Gibco) were labelled with 100 l of a mixture of
donor-conjugated antibody Cy3 and acceptor-conjugated
antibody Cy5. The cells were rinsed twice in PBS/0.02%
BSA, prior to fixation with 4% formaldehyde for 15 min.
The cells were fixed to prevent potential reorganisation of
the proteins during the course of the experiment. Cells were
imaged on a Carl Zeiss, Inc. LSM510 META confocal
microscope (with an Axiovert 200 fluorescent microscope)
using a 1.4 NA 63 Zeiss objective. The images were
analysed using LSM 2.5 image analysis software (Carl
Zeiss, Inc.). Cy3 and Cy5 were detected using the appro-
priate filter sets. Using typical exposure times for image
acquisition (5 s), no fluorescence was observed from a
Cy3-labelled specimen using the Cy5 filters, nor was Cy5
fluorescence detected using the Cy3 filter sets.
Isolation of lipid rafts
GMK or RD cells (1  108) were lysed in 500 l MEB
buffer (150 mM NaCl, 20 mM MES, pH 6.5) containing 1%
Triton X-100 and protease inhibitors (500 M PMSF and 5
mM iodocatamide) for 1 h on ice. The cells were mixed with
an equal volume of 90% sucrose in MEB and placed at the
bottom of a centrifuge tube. The sample was overlaid with
5.5 ml of 30% sucrose and 4.5 ml of 5% sucrose in MEB
and centrifuged at 100,000 g for 16 h. Fractions (1 ml) were
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removed from the top of the gradient and n-octylglucoside
was added to each fraction (60 M final) to solubilise the
rafts. For isolation of cellular membranes following virus
infection, cells were solubilised in MEB 60 min p.i. with
CAV-9 particles (m.o.i. of 20). All isolation of lipid raft
experiments was done in parallel.
Western blotting
Equal portions of each fraction were analysed by SDS–
PAGE and transferred onto a nitrocellulose filter or Immo-
bilon P membranes. After transfer the membrane was
blocked for 1 h in blocking solution (5% low-fat dried milk
dissolved in PBS-T) and washed with PBS-T. Membranes
were probed with the appropriate dilution of primary anti-
body for 1 h, followed by washing with PBS-T. Membranes
were then incubated with HRP conjugated to either swine
anti-rabbit Ig, donkey anti-goat Ig, or rabbit anti-mouse Ig
for 1 h. After extensive washing with PBS-T, the antigen
was visualised using ECL procedure (Amersham Pharma-
cia) according to the manufacturer’s instructions. The blots
were analysed using a GS-700 scanning densitometer (Bio-
Rad) and Quantity One software.
Virus infectivity assays
When specific inhibitory drugs were used, the chemicals
nystatin (25 M) and MCD (10 mM) were added to the
cell-culture medium prior to attachment of the virus for 30
min and they were also present during the course of infec-
tion. The efficiency of viral infection was analysed by con-
focal microscopy by counting the number of virus-infected
immunofluorescence-positive cells after 2, 4, and 6 h p.i.
The cells were fixed with 4% formaldehyde and permeabi-
lised by adding PBS/0.2% Saponin for 10 min. The cells
were washed with PBS/0.02% BSA and Cy3-CAV-9-spe-
cific Fab was added and incubated at RT for 30 min. Fol-
lowing washing three times with PBS, the cells were
mounted in Prolong antifade reagent (Molecular Probes)
and viewed with a confocal microscope (Zeiss LSM510).
The efficiency of viral infection was also analysed by
plaque assays. Plaques were visualised with 0.2% (w/v)
crystal violet in 1% (v/v) ethanol.
FRET measurements
FRET is a noninvasive imaging technique used to deter-
mine molecular proximity. FRET can occur over 1–10 nm
distances and effectively increases the resolution of light
microscopy to the molecular level.
In the present study, FRET was measured using a method
as previously described (Kenworthy and Edidin, 1998a,
1998b; Triantafilou et al., 2002a).
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